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Abstract—At various structural-scale levels, the interaction between the aluminum alloy DT1 and a liquid
eutectoid mixture of gallium and indium under the action of mechanical waves of the ultrasonic range is
investigated. It is established that the deep penetration of the eutectoid mixture into the solid metal under
ultrasonic action is due to the formation of channels along which the mixture moves. These channels are

observed in both the axial and radial directions.
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The phenomena arising under the interaction of
solid and liquid metals has long attracted the attention
of researchers in such fields as microelectronics, weld-
ing, and related technologies [1, 2]. At present, two
types of interaction between liquid and solid metals
are distinguished depending on the degree of solubility
of the liquid in the solid [3]. At low solubility, liquid-
metal embrittlement (the Rehbinder -effect) is
observed. At high solubility of the melt, plasticization
of metal in the solid phase or intermetallide formation
is observed. The principal mechanism of penetration
of the liquid phase into a solid metal is diffusion along
structural defects. The atoms of a surface-active liquid
metal penetrating into a solid lead to a local decrease
in the melting point of the material, liquid-phase for-
mation, and, further, to nucleation and the develop-
ment of a crack [4]. The ultrasonic action results in a
sharp increase in the intensity of penetration of the lig-
uid phase into the solid metal practically throughout
the entire depth of the samples [5], which further leads
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to their damage. The diffusion penetration of liquid
into the solid does not provide a full explanation for
this phenomenon [6, 7]. The purpose of this study is to
establish new experimental data and the mechanism of
accelerated penetration (by two orders of magnitude
higher than that under diffusion) of the liquid phase
into the solid metal.

MATERIAL AND METHODS
OF INVESTIGTION

As the object of investigation, we choose industrial
aluminum alloy DT1, samples of which had a cylindri-
cal shape. The dimensions of the samples were multi-
ples of the length of the ultrasonic wave and repre-
sented the resonators of the ultrasonic radiator; the
sample length was 120 mm, and the diameter was
20 mm. The samples were immersed in an eutectoid
Ga—In (76 mass % Ga, t,,.; = 15.9°C) mixture. As the

Table 1. Elemental analysis (in %) of the axial channels

Spectrum Al Cu Ga In Total
2 0.88 0.66 1.05 | 97.41 100
3 89.73 0 9.62 0.66 100
4 92.24 3.74 4.02 0 100
5 92.90 3.84 2.19 1.06 100
6 72.18 2.54 0 25.27 100

Summary | 89.65 4.49 3.44 2.42 100
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basic equipment, we used an ultrasonic generator and
an ultrasonic-device radiator. The generated radiation
frequency was 42 kHz. The amplitude of the vibrations
of the working end face of the emitter and, conse-
quently, of the end of the sample immersed in the
eutectic was 10—12 um. To investigate the structure of
the material after processing, we used the methods of
optical and scanning electron microscopy [8, 9].

RESULTS AND DISCUSSION

In Fig. 1, we show the optical images of the struc-
ture of aluminum alloy DT1 after combined treatment
with a surfactant and ultrasound. From this figure, it
follows that the ultrasonic processing results in the for-
mation of two characteristic regions. In the first
region, the ultrasonic action is strongest as indicated
by the presence of dark inclusions. In the second
region, there are no such inclusions, which enables us to
conclude that, in this region, the ultrasonic action is mini-
mal. The analysis of the cross-section image (Fig. 1a)
showed that the inclusions have an elongated shape.
Their transverse dimensions range from 20 to 100 um,
and the longitudinal ones range from 200 to 1700 pm.
Apparently, the main element of these inclusions is the
gallium—indium eutectic mixture. The analysis of Fig. 1
showed that the sizes of the inclusions range from 10 to
100 pm (Fig. 1b) and from 20 to 320 um (Fig. 1c).

The results of scanning electron microscopy (Fig. 2)
show that the dark inclusions observed using optical
microscopy are nothing other than the channels
through which the eutectoid mixture moves into the
metal. This fact is illustrated by the results of X-ray
spectral analysis. It is indium that mainly predomi-
nates in the axial (Fig. 2a) and radial (Fig. 2b) chan-
nels (Fig. 2a, Table 1, spectra 2 and 6, and Fig. 2b,
Table 2, spectra 2, 5, and 8). In this case, the axial
channels contain indium up to 97.41 mass %, whereas
the radial channels have up to 40.00 mass %. The axial
channels have transverse dimensions from 20 to 100 um
and radial ones from 0.5 to 1 um. The formation of
channels through which a liquid metal flows can be
explained on the basis of the following considerations.
In the absence of ultrasonic action, diffusion along the
lattice defects, mainly along the grain boundaries, is
predominant as was mentioned above [10]. The pene-
tration rate of a liquid metal in this case is on the order
of 1 um/s [11]. Correspondingly, the time of this pro-
cess can take about 24 h (Fig. 3a). Under ultrasonic-
wave action, this effect increases by two orders of mag-
nitude. As the experimental data have shown, chan-
nels can be formed outside the grain boundaries. To
explain this fact, the following mechanism is pro-
posed. As is known, under ultrasonic action with an
intensity exceeding 1 W/cm? in a liquid, cavitation
phenomenon occurs in it [12]. In this case, the liquid
can rise to a height larger than that for ordinary capil-
larity. One of the mechanisms of this effect is the
action of bubbles on the rise of the liquid in the capil-
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Fig. 1. Structure of aluminum after the action of surfac-
tants and ultrasonic treatment (optical microscopy):
(a) cross section; (b) longitudinal section (lower boundary
of samples); (c¢) longitudinal section (upper boundary of
samples).

lary [13]. In our case, due to the motion of the bubbles,
the flow of the eutectoid mixture is created (Fig. 3b).
Its inflow onto the end of the channel wall provides
the conditions for the reaction of the Al—eutectoid
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Fig. 2. Results of scanning electron microscopy of the DT1 alloy after the combined effect of the gallium—indium eutectoid mix-
ture and ultrasound. The arrows indicate (a) axial channels and (b) radial channels.

mixture Ga + In. The end of the wall is corroded and, @) ®)
due to this fact, is displaced along the axis. It results in
the formation of vertical channels (along the z axis).
The radial channels arise due to branching of the ver-
tical channel. The penetration of liquid metal into
these channels is similar to the penetration of liquid
into a horizontal crack in rock formations [14]. The
estimate of the ultrasonic-wave pressure in the eutec-
toid mixture, according to [15], for the case described
in this study showed that its value is 4 MPa for an
ultrasonic-wave intensity on the order of 2.5 W/cm?.
These estimates confirm the existence of the channel- : : .
formation mechanism due to the cavitation of fluid Fig. 3. Mechanism of formation of the axial channel:
bubbles. (a) without ultrasound; (b) with the action of ultrasound.
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Table 2. Elemental analysis (in %) of the radial channels

SARYCHEY et al.

Spectrum C (0] Mg Al Cr Cu Ga In Total
2 17.67 18.35 0.84 23.79 0 3.94 4.48 30.92 100
3 20.22 0 0.75 74.93 0 3.08 1.02 0 100
4 21.34 2.14 0.77 73.16 0 2.60 0 0 100
5 24.31 17.83 0 13.15 0 2.49 2.23 40.00 100
6 28.67 17.29 0.67 50.38 0 2.18 0.81 0 100
7 13.75 1.72 0.91 78.95 0 3.23 1.44 0 100
8 20.71 17.99 0.58 13.01 2.54 1.49 1.81 41.87 100
9 0 0 1.09 94.17 0 4.74 0 0 100
Summary 18.38 10.75 0.81 62.97 0 2.96 1.43 2.70 100
Thus, in this study, we revealed the channels of the 6. L.N. Larikov, E. A. Maksimenko, and V. I. Franchuk,
gallium—indium eutectic in aluminum, which do not Metallofizika 12 (1), 115 (1990).
coincide with the grain boundaries, and proposed a 7. M. N. Larichev, N. S. Shaitura, and O. O. Laricheva,
new mechanism for accelerated penetration of the lig- Chem. Physics 27 (9), 95 (2008).
uid phase into the solid metal. 8. E. R. Clarke and C. N. Eberkhardt, Microscopy Tech-
niques for Material Science (Woodhead Publishing,
Cambridge, 2002).
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